Introduction
Ticks are found in almost every region of the world and are second only to mosquitoes in their public health and veterinary importance. 1 However, ticks transmit the greatest variety of human and animal pathogens of any arthropod vector, including more than 20 emerging or Category A-C pathogens, all capable of causing significant disease in humans. 2 Few effective strategies exist for protecting humans and animals against infection caused by tickborne pathogens. Controlling ectoparasites of human and veterinary importance still relies heavily on chemical pesticides; however, effective and widespread chemical control of ticks suffers from development of resistance as well as human, animal, or environmental safety concerns.
A sound public health approach for preventing tickborne disease (TBD) would be to develop broad-spectrum vaccines or other effective means that target vector arthropods and the transmission process rather than every possible tickborne pathogen. Since most pathogens transmitted by ticks exhibit some form of transmission delay following attachment, a protective vaccine would need to stimulate immune responses during the early stages of feeding, prior to or soon after pathogen transmission commences. 1, 3, 4 The delay for effective transmission of pathogens, including the Lyme disease spirochete by nymphal Ixodes scapularis ticks is typically >24 hrs and, at least in tick-bite sensitized hosts, innate immune cells including basophils as well as CD4C (helper) T cell activity can be activated before or soon after pathogen transmission begins. [5] [6] [7] T cells themselves are stimulated by a very limited number of highly specific antigenic determinants (epitopes) derived from the intruding organism's proteins. Algorithms that accurately model the MHC-peptide interface are central to the prediction of T cell epitopes and are available for mice and humans. Here, a "genes to vaccine" approach is applied to I. scapularis tick salivary proteins for predicting epitopes with immunogenic potential.
The concept of a tick protective vaccine has its foundation in the naturally occurring phenomenon of acquired tick resistance (ATR). Non-natural tick hosts, such as Guinea pigs and humans, demonstrate changes in their cell-mediated and humoral immune response upon repeat infestations with pathogen-free ticks. [8] [9] [10] Modification of cell-mediated immunity is characterized by migration of basophils, neutrophils and eosinophils to the tick bite site with migration facilitated by T cells and antibodies specific for tick salivary components. 8, 11 Recent insights into the biology of basophils suggest their role as regulators of Th2 cell responses, through IL-4 expression or the differentiation of monocytes to macrophages. 12 Th2 polarization of the cytokine response to tick feeding has been observed both in vitro and in vivo. 13 Epidemiological and experimental evidence in animals and people shows that ATR can diminish or prevent pathogen transmission. 14, 15 In fact, prior work has demonstrated that tick bite-derived ATR in the Guinea pig results in about 50-60% protection from Borrelia burgdorferi infection upon infected I. scapularis tick challenge. 15 Unfortunately, few reagents are available to fully characterize the Guinea pig immune response to tick-bites. Repeat tick infestations in a number of laboratory mouse strains, including BALB/c and C3H/HeN, result in significant polarization toward a Th2 cytokine profile but without protection from pathogen challenge or other evidence of ATR. 16 It may be possible that transgenic mice, specifically those genetically altered for human MHC II antigen presentation, could serve to fulfill the need for an alternative model in studying the tick protective response, as it would combine a ready availability of experimental reagents commonly exploited in mouse immunology studies with naturally occurring ATR that correlates with B. burgdorferi pathogen protection typically found in non-natural tick hosts.
Here, we report an evaluation of acquired tick resistance and epitope-driven immune recognition for tick protective vaccine development using tick-bite sensitized, whole tick salivary gland homogenate (SGH)-immunized, and tick SGH peptide-immunized HLA DR3 transgenic mice.
Results
Transgenic HLA DR3 mice as a model for acquired tick resistance
We used 3 serial infestations with pathogen-free I. scapularis nymphs to tick-bite sensitize HLA DR3 transgenic mice and C57BL/6 mice (B6); in this study, B6 mice serve as the genetic background control. While the HLA DR4 allele does have a greater worldwide frequency, the rationale for using the DR3 tg mouse model is founded upon the global distribution of HLA DR3 in Northern and Western Europeans and its coincidence with the worldwide distribution of B. burgdorferi (Bb), the causative agent of Lyme disease. 17, 18 All tick sensitized mice, along with an equivalent number of tick na€ ıve controls were subsequently pathogen challenged by infesting each animal with 3-4 nymphal I. scapularis derived from a cohort of Bb-infected ticks. Presence of Bb was confirmed by PCR in all challenge ticks recovered (data not shown). Tick-bite sensitized HLA DR3 tg mice exhibited a longer tick engorgement period ( Table 1) and a partial (57%) protection to Bb infection ( Table 2 ) when compared to tick na€ ıve HLA DR3 tg mice. Moreover, Bb copy numbers from ear-punch biopsy samples were significantly lower (by 2.5-fold) in PCR positive, tick sensitized HLA DR3 tg mice compared to their tick na€ ıve counterparts. Altered tick feeding, either shortened or prolonged, is indicative of host anti-tick responses. Grooming due to a heightened itch response contributes to abbreviated tick feeding. 10 Prolonged feeding usually is associated with increased pathogen transmission in tick-bite na€ ıve hosts, while extended feeding on a tick sensitized host occurs due to an inability to obtain a proper bloodmeal. Primed host immune defenses decrease vascular size and recruit neutrophils and lymphocytes to the tick bite site creating a hostile environment for blood uptake and pathogen transmission. 10, 19 However, unlike ATR typically seen in other nonnatural tick hosts, there was no significant difference in the amount of blood ingested by tick-bite sensitized HLA DR3 tg mice compared to tick na€ ıve HLA DR3 or tick na€ ıve or sensitized B6 controls ( Table 1) .
Tick-bite sensitized HLA DR3 tg mice exhibited a cytokine profile characteristic of a Th2 bias when compared with tick na€ ıve tg mice as demonstrated by IFNg and IL-4 ELISpot analysis (Fig. 1) . Splenocytes derived from tick sensitized HLA DR3 tg mice and co-cultured with SGH to stimulate a recall response expressed 3-fold average increase in IFNg production over background (from ¡7 § 12 to 13 § 12 spot forming cells (SFC) over background/10 6 cells) when compared to na€ ıve counterparts. However, this increase remained below our criteria for ELISpot positivity of 50 SFC per million cells above background and was overshadowed by a significant 40-fold greater average SFC in the IL-4 ELISpot. IL-4 production in sensitized HLA DR3 tg mice ranged between ¡73 § 61 to 533 § 300 SFC over background/10 6 cells, a significant 8-fold increase over naive (Fig. 1 ).
Immunization studies with whole tick SGH and selected SGH component epitopes
In a second experiment, instead of serial tick feeding to sensitize HLA DR3 tg mice, we immunized mice with either whole tick SGH or with selected T cell epitopes derived from immunoinformatic analysis of the I. scapularis salivary transcriptome. Tick salivary components in the form of either whole SGH prepared from 18 hr fed, pathogen-free nymphal I. scapularis or a pool of 11 immunoinformatic-predicted CD4C T cell epitopes were administered intra-dermally as peptides formulated in liposomes (LLP) or without a carrier (NPP) and were followed by an assessment of pathogen protection and immune recognition.
Prediction and in vitro validation of selected tick SGH epitopes
Class II HLA epitopes were identified from the I. scapularis salivary transcriptome using the EpiMatrix T cell epitope mapping algorithm combined with ClustiMer analysis.
20,21 Table 3 shows the EpiMatrix cluster score for a group of epitopes selected for synthesis because they were derived from salivary metalloproteases and other high abundance proteins in the transcriptome. 22 Ninety percent of the selected peptides demonstrated cluster scores >10, the threshold for predicted immunogenicity. Peptide 014 was the sole predicted epitope with a sub-threshold predictive score (8.88). Despite low predicted immunogenicity, peptide 014, was sourced from a salivary protein with fibrinolytic capabilities and a publication history suggesting its use as a vaccine candidate, and therefore was included in further testing. 22, 23 All 11 peptides were assayed in vitro for their capacity to bind multiple HLA types including DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701 and DRB1*1501. Fifty-five percent of the peptides bound to at least 3 or 4 HLA alleles, and 36% bound to all 5. Of the 55 peptide-HLA binding interactions assayed, 53% were strong binders with high affinity, 11% moderate binders with mid-level affinity and 36% with low to non-detectable affinity ( Table 3 ). The computational predictions and binding assay results were evaluated with classification of peptide-HLA binding pairs as either true positive, false positive, true negative or false negative. Positive predictions were defined as epitopes in the top 5th percentile (scoring > 1.64 on the EpiMatrix z-scale) and binding HLA at any affinity. Overall, the agreement with predictions, both positive and negative was 73%, which is consistent with prior studies. 24, 25 With respect to each allele assayed, the values are 55% for DRB1*0101, 64% for DRB1*0301, 45% for 26 It is likely that a significant part of the discrepancy between predictions and HLA binding is due to peptide design and physical properties.
Borrelia pathogen challenge of SGH and epitope-immunized transgenic mice
Neither SGH-nor epitope-immunized HLA DR3 tg mice were completely protected from Bb infection when challenged by Bb-infected ticks and compared with control vaccinated animals. Although 100% infection rate is the "expected" outcome of the challenged control animals, observed results differed for the aberrant mouse due to uncharacteristic and excessive grooming resulting in early removal of ticks. The majority of mice in each vaccination arm did have detectable levels of Bb genes in ear punch biopsies (Table 4) . However, similar to the tick-bite sensitized HLA DR3 tg mice, the level of Bb infection in the SGHvaccinated mice as measured by qPCR Bb gene copy number was significantly lower (p D 0.038). Bb copy numbers within control vaccinated mice were 14-fold greater (55.9 § 68.4) than the average 3.9 § 4.7 copies detected in SGH-vaccinated HLA DR3 tg mice. NPP-and LPP-immunized mice exhibited mean Bb gene copy numbers of 22.1 § 30.9 and 34.4 § 23.1, respectively ( Table 4 ). All SGH-and peptide-immunized mice had at least 2 infected challenge ticks that attached and fed for longer than 24 hrs, which is adequate to assure Bb transmission. 7 Epitope-specific IFNg and IL-4 responses in tick-bite sensitized transgenic mice
To begin dissecting the nature of the immune response to tick salivary components, splenocytes from both tick na€ ıve and tickbite sensitized HLA DR3 tg mice were evaluated for antigen-specific immune recall. Cells were stimulated with either whole SGH or individual peptides for measurement of IFNg and IL-4 production by ELISpot assay. Only 2 peptides stimulated a differential response in tick sensitized mice when compared with their tick na€ ıve counterparts (Fig. 2) . Peptide 014 appeared to stimulate IFNg production greater than 50 SFC per million splenocytes in sensitized HLA DR3 tg mice ( Fig. 2A) with a 3-fold increase of 20 § 14 mean SFC over background in na€ ıve mice to 81 § 13 in tick sensitized mice. However, this epitope was predicted to be a weak/non-binder for HLA DR3 (Table 3 ) and may represent a spurious result. Differential IL-4 production among tick sensitized mice was only observed for peptide 017 (Fig. 2B) . Interestingly, tick sensitized mice demonstrated a significant decrease in production of IL-4, with a mean of ¡7 § 30 SFC over background compared to a mean of 79 § 42 SFC for tick na€ ıve mice. While we did expect to see a greater number of individual peptide stimulations result in more robust IL-4 production among tick-bite sensitized mice, similar to what was observed following whole SGH stimulation ( Fig. 1) , from these results we can speculate that tick-bite sensitization stimulates T cells with different epitope specificities, and that the epitopes selected for this trial were not immunodominant.
IL-4 production in SGH-and peptide-immunized transgenic mice
To better determine the antigenic potential of in silico-predicted tick SGH epitopes, individual peptide stimulations were screened by IL-4 ELISpot assay, as above, but using splenocytes derived from control-, whole SGH-and peptide-immunized HLA DR3 tg mice prior to pathogen challenge. Splenocytes from SGH-immunized mice restimulated with SGH demonstrated >6-fold increase in IL-4 production compared with control-vaccinated mice (P D 0.015) (Fig. 3) . Specifically IL-4 production in control HLA DR3 tg mice exhibited a mean of ¡48 § 78, while cytokine production in SGH-immunized mice peaked at 669 SFC with mean IL-4 production of 259 § 263 SFC. Stimulation of splenocytes from SGH-immunized mice using either the peptide pool or individual peptides yielded minimal production of IL-4, never greater than 50 SFC per million typically considered to be a positive response. In mice immunized using the peptide pool (LPP and NPP), re-stimulation using either the peptide pool or individual peptides resulted in mean IL-4 production greater than 50 SFC per million for 8 out of 11 (73%) individual epitopes as well as the peptide pool, although results varied somewhat depending on whether the peptides were incorporated into liposomes (LPP) or were immunized as naked peptides (NPP) (Fig. 3) . Recognition of the peptide pool yielded a significant 6-fold increase in production of IL-4 (mean D 194 § 177 SFC) in NPP-immunized mice when compared to the SGH-immunized arm (P D0.005). In individual peptide stimulations, epitopes 003, 004, 014, 017, 018, 022, 023 and 024 all stimulated a mean greater than 50 SFC per million cells in LPP-vaccinated HLA DR3 tg mice, while only 3 of these 11 epitopes (004, 017 and 023) stimulated a mean more than 50 SFC per million cells in NPP-vaccinated mice, suggesting that peptide formulation in liposomes enhanced immunogenicity. One of these epitopes, 004, produced 3£ increased SFC (mean D 98 § 28 SFC) in LPP-vaccinated mice than in SGH-vaccinated mice (mean D ¡51 § 85 SFC), which was a significant result (P D0.023). Peptide 004 was predicted to be a strong HLA DR3 binder. Five of the 8 epitopes that produced greater than 50 SFC per million in LPP-vaccinated mice were predicted to be either strong or moderate HLA DR3 binders, validating HLA binding as a pre-screening tool for epitope selection in future tick protective vaccine studies using HLA transgenic mice. Interestingly, mice immunized with the peptide pool either with and without liposomal carrier, did not respond to stimulation with whole SGH.
Three peptides (005, 006, and 019) failed to stimulate any significant IL-4 responses. The small cohort size of the study and restricted HLA background may explain this result. Alternatively, these sequences may stimulate helper T cell cytokines other than IL-4.
Cytokine profile of SGH and peptide-immunized transgenic mice
Concurrent characterization of TH1/TH2/TH17 cytokine profiles of immunized mice following prolonged (24, 48 and 72 hrs) co-culture with ConA, SGH and pooled peptides was assayed by cytokine bead array. Figure 4 displays 48 hr co-culture data which appeared to be the optimal incubation timepoint for cytokine expression. Co-culture with stimulants for 72 hrs resulted in little to no response possibly because of cell exhaustion due to prolonged stimulant exposure (data not shown). Co-culture with ConA served as positive control for this assay and although results varied for each cytokine in the panel (lowest IL-4 @ 16 pg/mL; highest IFNg @ 260 pg/mL), for every cytokine assayed, concentrations (pg above background) were consistent between each of the experimental arms (data not shown).
Not surprisingly, Th2-associated cytokines IL-4 (6 pg/mL) and TH17-predominant IL-6 (62 pg/mL) were the main cytokines stimulated by SGH in SGH-immunized HLA DR3 tg mice, comprising 98% of the overall response in this vaccination arm (Fig. 4A) . Mean IL-6 production stimulated by SGH in the SGH-immunized mice was 41-fold greater than the control immunization group while mean IL-4 production was 6-fold greater than in the control vaccine arm. IL-10 (20 pg/mL) and TNF (12 pg/mL) were the dominant cytokines expressed by NPP-vaccinated mice when re-stimulated with SGH representing 60% of the overall response (Fig. 4A) . The remainder of the overall cytokine response stimulated by SGH in NPP-immunized mice was generally distributed across the other cytokines assayed. SGH-stimulated cells from either control or LPP-vaccinated mice expressed little to no response in the CBA assay. The predominant peptide pool-stimulated cytokine response in cells from peptide-vaccinated mice was IL-10 which comprised 37% of the total measured cytokine response in NPP-vaccinated (25 pg/mL) mice and 76% of the response in LPP-vaccinated mice (32 pg/mL). The remainder of the overall cytokine response stimulated by the peptide pool was fairly evenly distributed across the other cytokines assayed. Peptide pool-stimulated cells from either control or SGH-vaccinated mice expressed little to no cytokine response.
Discussion
Since its discovery by Trager in 1939, acquired resistance to tick feeding has been extensively studied in laboratory animals. 27 Repeated tick infestations of Guinea pigs and various murine strains act as separate puzzle pieces that when combined, provide an expanding picture of the features of tickhost interactions. Traditionally ATR was identified by the effect on the tick: altered feeding duration, decreased engorgement weight, reduced production and viability of ova, and inhibition of molting. 28 Observations of ATR in the Guinea pig model also has provided insight into the role of basophils at the host cutaneous bite site. 8 Even more, partial protection from Borrelia challenge seen in tick sensitized Guinea pigs provided evidence that potential vaccine candidates reside in the complex cocktail of tick saliva. 15 Though first identified in Guinea pigs, the Th2 bias of repeated tick infestations was best represented by gene expression and cytokine profile studies in BALB/c, C3H/HeN and C3H/HeJ murine strains. [29] [30] [31] [32] However, in those mouse models, repeat tick exposure induced immune response changes but neither BALB/c nor C3H/HeN mice developed resistance. 16, [33] [34] [35] Here, we have presented data that supports adding HLA DR3 transgenic mice to the list of model organisms for acquired tick resistance and tick protective vaccine discovery research. Of course, further characterization of these "humanized" transgenic mice exposed to repeat tick infestations is needed, including expanding the model to include other transgenic (e.g., DR4) murine strains. Future studies could examine the effects of ATR in HLA tg mice on molting success and egg production but most certainly should include a deeper characterization of the CD4C T cell response to tick salivary components. Assessing the role of antibodies to tick salivary proteins, especially IgE, and characterizing cellular infiltrates at the tick bite site would likely yield additional immune correlates to the nearly 60% protection against Bb infection that we recorded. However, the strong Th2 bias present in the tick-bite sensitized IL-4 ELISpot studies linked with our observed 57% protection from Borrelia pathogen challenge, suggests that the HLA DR3 tg mouse model appears capable of bridging the previously useful Guinea pig ATR model and well-established murine models commonly used in immunology and early vaccine discovery studies. The off-the-shelf availability of resources and reagents for the murine model is one compelling reason for adopting "humanized" mice for tick protective vaccine development studies. Moreover, the presentation of human MHC II antigen in the context of the mouse model brings the HLA DR3 tg mouse model closer to the human perspective, which is an added benefit for vaccine discovery research.
As noted above, any vaccine-mediated tick protective response would likely need to be stimulated during the early stages of tick feeding, prior to or soon after pathogen transmission commences. 1, 3, 4 With this key concept in mind, splenocytes from tick-bite sensitized and SGH-or peptidevaccinated HLA DR3 mice were re-stimulated with SGH that had been prepared from salivary glands harvested from nymphal I. scapularis early (18 hr) in the tick feeding process. Additionally, during immunization studies, tg mice were immunized with 18 hr SGH. Salivary gland dissection and collection parameters are noteworthy due to the dynamic nature of gene expression in the tick salivary transcriptome, and the desire to concentrate on vaccine candidates present during early feeding, prior to pathogen transmission. Previous studies have even suggested that tick salivary proteins expressed prior to 24 hrs are sufficient to induce, at least a partial tick protective immunity. 5, 7, 36 Empirical evidence of ATR in Guinea pigs subjected to repeat infestations with the tick Rhipicephalus sanguineus, demonstrated that experimental tick infestations were superior to vaccination with unfed, crude, whole tick extract. 37 Likewise, our own studies showed that the protective response to Bb pathogen challenge following immunizations with 18 hr SGH proved not as effective as when induced by repeat I. scapularis infestations. Tg mice immunized with SGH did have significantly fewer copies of Bb in ear punch biopsies than control animals, but the pathogen infection rates between the 2 groups of animals were similar. The IFNᵧ ELISpot assays documented 3x more spots over background in tickbite sensitized mouse splenocytes re-stimulated with SGH when compared to their control counterparts. The IFNᵧ response of tickbite sensitized DR3 mice, though significant, is eclipsed when compared to the 40-fold higher average IL-4 response to co-culture with SGH. Differential production of IL-4 between tick-bite sensitized and tick-bite na€ ıve DR3 mice showed >8 -fold difference using similar assay conditions. The lower level of protection (reduced Bb gene copy numbers, Table 4 ) afforded by SGH-vaccination also was correlated with the well documented Th2-polarized cytokine response to tick saliva. We noted by CBA, increased levels of IL-4, IL-10 and IL-6 in SGH-immunized co-cultures in agreement with Titus's review of the immune-modulatory factors of I. scapularis saliva. 38 We also demonstrated that, in the best case, 8/11 epitopes drawn from the I. scapularis salivary transcriptome stimulated an IL-4 recall response post peptide pool-vaccination (LPP). Albeit, the extent of Th2 polarization and pathogen protection by SGH or peptide vaccination was inferior to that seen in experimental tickbite sensitizations, this study is proof of concept that in searching for a tick protective vaccine, the transgenic mouse model is worth exploring further with immunoinformatic-predicted tick salivary epitopes.
The cytokine response in peptide-vaccinated mice was not coordinated into a distinct Th1 or Th2 response as evident in the multiplex CBA data (Fig. 4) . This non-polarized, IL-10 dominant immune response to peptide immunizations may explain the lack of protection upon pathogen challenge. Indeed, the CBA data from NPP-immunized mice co-cultured with pooled peptides (Fig. 4B) suggests conflicting immune responses driven by anti-inflammatory cytokine IL-10 and pro-inflammatory IL-4, IL-6 and TNF. It is highly likely that a different pool of tickderived peptides would yield a cytokine profile that is Th2-focused. Since our findings point to a Th2 correlate of protection with a predominant IL-4 cytokine response, future studies will focus on identifying and immunizing the HLA DR3 tg mice with peptides that drive a more robust IL-4 response.
Increased production of IL-10 in response to tick saliva is a well characterized aspect of repeat tick infestations. 31, 39 Our data in the HLA DR3 mouse supports and expands these findings showing high levels of IL-10 production in NPP-immunized mice in response to co-culture with SGH as well as the peptide pool ( Fig. 4A and B) . IL-10 is a multifunctional anti-inflammatory cytokine that dampens the inflammatory response and helps prevent tissue damage. Its role in a T regulatory manner has been suggested only recently during transcriptional profiling of repeat tick infestations of BALB/c mice in which up-regulation of IL-10 and FoxP3 was monitored at the tick-bite site 29 . It may be that immunizations with the selected immunoinformatic-derived peptides induced a T regulatory response, accountable for the considerable IL-10 accumulation and lack of protection from pathogen challenge. One particular peptide within the pool, peptide 017, with its significantly lower IL-4 production in tick-bite sensitized tg mice compared to na€ ıve mice (Fig. 2B) suggests a potential regulatory function which may have influenced the immunization results. Post hoc in silico analysis of this epitope for possible TCR-face homology with human (self) sequences was performed using JanusMatrix, a novel algorithm developed after the tick salivary antigen epitopes were identified. 40 JanusMatrix parses the amino acid sequence of T cell epitopes into TCR-facing residues and HLA-facing residues, and then compares the TCR face to other putative T cell epitopes in the human genome. JanusMatrix defines cross-reactive T cell epitopes as those that have the same MHC allele restriction, the same or similar T cell-facing residues (epitope), and conserved binding of MHC-facing residues (agretope). 40 JanusMatrix analysis reveals that there are 9-mers in peptide 017 that share a TCR face with 10 human 9-mers. However, this analysis should be viewed conservatively, since JanusMatrix screens for homology against the human and not the murine genome. Regardless, the potential T regulatory role of tick saliva and salivary components is an interesting and likely necessary new frontier requiring consideration in going forward with tick protective vaccine research in both the novel HLA DR3 tg mouse model and humans. The JanusMatrix algorithm makes it possible to pre-screen candidate sequences for potential Treg activation to carefully select tick salivary protein epitopes that will support a Th2-focused immune response for better epitope-based vaccine design in the future.
Methods

Predicting immunogenic peptides from the I. scapularis salivary transcriptome with EpiMatrix and ClustiMer analysis
EpiMatrix is a T cell epitope-mapping algorithm used to identify putative HLA ligands/T cell epitopes contained within protein sequences (e.g., epitopes identified from pathogen genomes). 41, 42 Unlike previous EpiMatrix analyses of genomes, the tick salivary transcriptome was used as the input sequence and subsequent source of epitope peptides. 21 Computation was performed by using a set of HLA allele-specific coefficient matrices. To complete an analysis using the EpiMatrix algorithm, target protein sequences were parsed into overlapping 9-mer frames in which each frame overlaps the last by 8 amino acids. Each amino acid in the 9-mer was then assigned a positive or negative coefficient based on its previously determined propensity to positively or negatively impact peptide binding when located at that amino-acid position within the HLA-binding groove. 43 The coefficients were then summed to produce a raw score for each 9-mer. Raw scores were normalized with respect to a distribution derived from a large set of randomly generated Control vaccination arm-lightest gray, SGH immunization arm-white, NPP vaccination arm-dark gray, LP immunization arm-black. Control splenocytes were co-cultured with medium C adjuvant alone resulting in cytokine production below 12 pg/mL for all monitored cytokines (data not shown).
peptide sequences. The resulting Z-scores from this distribution were directly comparable across predictions for different alleles.
ClustiMer identified "clustered" or promiscuous epitopes. 44, 45 Potential T cell epitopes are not randomly distributed throughout protein sequences but instead tended to "cluster" in specific regions. T cell epitope "clusters" range from 9 to roughly 25 amino acids in length and, considering their affinity to multiple alleles and across multiple frames, could contain anywhere from 4 to 40 binding motifs. Class II epitope selections for vaccine design were usually limited to selected "promiscuous epitopes" -epitopes that had the potential to be recognized in the context of more than one HLA. EpiMatrix ClustiMer scores above 10 were considered to be immunogenic.
Peptide synthesis and HLA binding assay All peptides used in this study were synthesized by 9-fluoronylmethoxy-carbonyl (Fmoc) synthesis to a purity of >80% as determined by HPLC by 21st Century Biochemicals (Marlborough, MA, USA). The peptide masses were confirmed by MALDI-TOF mass spectrometry.
Peptides were assayed for HLA affinity in a competition binding assay based on Steere et al. 46 In 96-well plates, a test peptide and a reference peptide compete for binding to a purified class II HLA molecule (Benaroya Research Institute) for 24 h at 37 C. Non-biotinylated test peptides were evaluated over a wide range of concentrations (0.01-200 mM) while biotinylated standard peptide was held at a fixed concentration (0.1 mM). Peptide-class II HLA complexes were then captured on ELISA plates using pan anti-HLA-DR antibody (L243, BioXCell). Plates were washed and incubated with Europium-labeled streptavidin (PerkinElmer) for one hour at room temperature. Europium activation buffer was added to develop the plates for 15-20 min at room temperature before they were read on a Time Resolved Fluorescence (TRF) plate reader. All assays were performed in triplicate. Dose dependence curves were generated by fitting data using the 4-parameter logistic equation, and IC 50 values were calculated in SigmaPlot 11.0 (Systat). Based on the IC 50 values, peptide binding to a given HLA allele was classified as high affinity (1-10 mM), moderate affinity (10-100 mM), low affinity (>100 mM). Peptides that did not inhibit the binding of the biotinylated reference peptide at any concentration were considered non-binders. Binding assays were performed for 5 alleles: DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701, and DRB1*1501, providing a broad representation of class II HLA allele binding pockets. 47 
Experimental animals
Six to 14 week-old female C57BL/6 mice (B6) were purchased from Harlan. HLA DR3 transgenic mice on a C57BL/6 background were obtained from Dr. Chella David (Mayo Medical School) under MTA. The mice express the HLA DR3a and b genes on a B.10-Ab0 mouse background and were back-crossed over 6 generations with class II-negative on a C57BL/6 background. 48 Specifically, DRBI*0301 (DR3) transgenic mice were generated by co-injection of an HLADRa genomic fragment and a DRB1*0301b gene fragment into (C57BL/6 X DBA/2)F 1 X C57BL/6 embryos and backcrossed to B10 mice as detailed previously. 49 The DR3 transgene was first introduced into B10.M mice at the Mayo Clinic by repeated backcrossing. Subsequently, the DR3 gene was introduced into the class II-negative H2A 0 strain by mating the B10.M-DRBI*0301 line with the B10.Ab 0 line, similar to the strategy detailed previously for HLADQ transgenic mice. 50, 51 All studies were performed in full compliance with the standards of the University of Rhode Island Institutional Animal Care and Use Committee and in accordance with NIH publications entitled "Principles for Use of Animals" and "Guide for the Care and Use of Laboratory Animals."
Tick rearing and salivary gland homogenate Ixodes scapularis ticks were reared using standard methods. 4 Adult ticks were collected from nature to create immature tick colonies. One hundred larvae from each egg batch were screened by PCR using pathogen-specific primers for Borrelia burgdorferi and Borrelia miyamotoi. Certified pathogen-free larval stage ticks were blood fed on hamsters or white-footed mice. To generate Bbinfected nymphs, pathogen-free larvae were allowed to feed on white-footed mice previously infected with the B31 strain of B. burgdorferi, and were then held until molting. Such methods generally yield >90% Bb infectivity. All unfed ticks were maintained at 23 C and >90% relative humidity under 14 h light/10 h dark photoperiod before infesting hosts. Methods for generating and maintaining Bb-infected and uninfected tick colonies, including animal care, followed approved URI IACUC protocols.
Pathogen-free nymphs were allowed to feed for 18-20 hours prior to dissection for salivary glands. Partially fed ticks were dissected in ice-cold phosphate buffered saline (PBS) within 4 hrs of being removed from the host animal. After removal, glands were washed in the clean buffer and tissues were stored at ¡70 C in PBS until cell lysis by sonication. Protein concentration was detected by UV nanodrop quantification (ThermoScientific, ND-1000).
Tick-bite sensitizations
Tick-bite sensitizations Prior to each infestation, animals were anesthetized by IP injection of ketamine (20mg/mL) (Vedco, NDC50989-161-06) and xylazine (2mg/mL) (Lloyd Laboratories, 4821) and placed in stainless steel, quarter-inch wire mesh tubes for up to 3 hours. Tick attachment was assessed by counting attached ticks 2 hrs after placement. At this time, all but 3 attached ticks were removed in an effort to minimize "sharing" of tick salivary immunosuppressive proteins. By selective removal, the 3 ticks that remained attached were distributed as far apart as possible. A total of 14 HLA DR3 and 11 B6 mice were sensitized to tick bites 3 times using pathogen-free nymphs attached for 72 hrs. Tick feedings occurred at 2 week intervals. Additionally, groups of 16 HLA DR3 and 11 B6 mice acted as non-tick sensitized (tick na€ ıve) controls. Biologic data related to tick feeding (engorgement weight and days to engorgement) were analyzed by Kruskal-Wallis ANOVA of Variance on Ranks and the means compared by Dunn's test (P < 0.05) (SigmaPlot).
Pathogen challenge
Two weeks following the 3rd infestation, mice, including na€ ıve controls, were challenged with 3 Bb-infected nymphs. All animals were monitored daily, and tick feeding parameters (duration of attachment, total recovered engorged, and engorgement weight) were recorded. Animals subjected to Bb challenge were allowed to rest for 4 weeks to allow for dissemination of bacteria.
Detection of Borrelia infection
The Bb infection status of each animal was assessed 4 weeks following infected tick challenge by direct PCR assay of ear punch biopsy. Positive infection status of an animal was determined if Borrelia specific genes were amplified from ear punch samples by quantitative PCR.
Total genomic DNA was extracted from ear punches using the DNeasy Blood and Tissue kit (Qiagen, 69504) according to manufacturer's protocol. Additionally, DNA was extracted from a non-infected mouse ear punch and a culture of Bb strain B31 for qPCR standard generation. Primers amplifying mouse nido were used as a reference gene during simultaneous detection of Bb recA gene. The oligonucleotide primers used to detect mouse nidogen were nido.F 5 0 -CCA GCC ACA GAATAC CAT CC-3 0 , and nido.R 5 0 -GGA CT ACT CTG CTG CCATC-3 0 . 52 The oligonucleotide primers used to detect Bb recA were nTM17. 0 . 53 Real-time quantitative PCR (qPCR) was performed using an Mx4000 Multiplex Quantitative PCR System (Stratagene, La Jolla CA). Quantitation of DNA copy number was performed using Brilliant SYBR Green qPCR Master Mix (Agilent, 600828) with 10 ng of total DNA in 50 ml reactions. Thermal profile was 95 C for 15 min then 40 cycles of 95 C for 30 s and 55 C for 1 min and 72 C for 1 min. Fluorescence was measured at the end of the 55 C step every cycle. Samples were run in experimental duplicate with inter-plate and no template controls. SYBR threshold was locked at 0.010 with ranges of efficiency between 95-100%. Copies of Bb recA genes were normalized against 20,000 copies of mouse nido genes. Samples were determined to be unifected if no Bb recA genes were detected in either duplicate, as indicated by "No CT value." Positive infection status was recorded if Bb recA genes were identified in either one or both duplicates. Copy number data were analyzed by Kruskal-Wallis ANOVA of Variance on Ranks and the means compared by Dunn's test (P < 0.05) using SigmaPlot software.
ELISpot detection of cytokine production in HLA DR3 tg mice The frequency of epitope-specific splenocytes was determined by IFNgand IL-4 ELISpot assay using the Mabtech IFN-gamma (Mabtech, 3321-4HPT-4) or IL-4 (Mabtech, 3311-2HW-Plus) ELISpot Kits according to the manufacturer's protocol (Mariemont, OH). Briefly, spleens were harvested from groups of naive and sensitized HLA DR3 transgenic mice and mascerated to produce single cell splenocyte suspensions in RPMI-10% (Fisher, SH30027 FS) fetal bovine serum-1% (Thermo Scientific, SH3007003HI) penicillin/streptomycin-1% (Lonza, 17602E) Lglutamine-0.1% (MP Biomedicals, 091680149) and BME (Sigma Aldrich Aldrich, M6250-10ML) at a concentration of 1.5 £ 10 6 cells/mL. Cells were transferred at 1.5 £ 10 5 /well to ELISpot plates pre-coated with anti-murine IFN-gamma by the manufacturer. IL-4 plates were not pre-coated and were prepared 24 hrs in advance according to manufacturer's specification. Cells were stimulated with SGH at 20 mg/mL in triplicate wells and individual peptides at (20 mg/mL also in triplicate). Cells co-cultured with ConA (2 mg/ml) (Sigma Aldrich, C5275-5MG) acted as positive controls while cells stimulated with no peptide (PBS only) served as a negative control. ELISpot plates were incubated at 37 C, 5% CO 2 for 18 hours, washed, incubated with a secondary HRP labeled anti-IFN-gamma antibody or anti-IL-4 antibody and developed by addition of TMB substrate. Raw spot counts were recorded by a CTL S5 UV ELISPOT reader. Results were recorded as the mean number of SFC over background and adjusted to spots per one million cells seeded. Responses to stimulations are considered positive if the number of spots are: 1) at least twice greater than background, 2) greater than 50 spot forming cells per one million splenocytes over background (i.e. one response over background per 20,000 splenocytes), and 3) statistically significant by Wilcoxon Signed Rank Test in comparison with the corresponding spot forming cell data set for other groups (p < 0.05) using SigmaPlot software.
Immunization of HLA DR3 transgenic mice Prior to each immunization, animals were anesthetized by IP injection of ketamine (20mg/mL) and xylazine as previously stated.
A control group of 8 HLA DR3 tg mice were immunized intra-dermally with saline and Imject Alum Ò adjuvant (ThermoScientific, 77161) in 1:1 ratio for a total inoculation of 100 mL on 3 occasions over 4 weeks (days 0, 14, 25) .
A group of 9 HLA DR3 transgenic mice received intra-dermal immunizations of 50 mg/100 mL of SGH with 50 mg/100 mL of adjuvant on 3 occasions over 4 weeks (days 0, 14, 25) .
A group of 8 HLA DR3 transgenic mice were immunized intra-dermally with a pool of tick salivome predicted peptides, in equal representation, and a 1:1 ratio of adjuvant for a total of 50 mg peptide/100 mL dose on 3 occasions over 4 weeks (days 0, 14, 25) . This immunization arm was referred to as naked peptide pool (NPP).
A group of 9 HLA DR3 transgenic mice received intradermal immunizations of liposomal formulated peptides and an equal volume of adjuvant in 100 mL on 3 occasions over 4 weeks (days 0, 14, 25) . This immunization arm was referred to as peptide pool in liposomes (LPP). Sterically stable cationic liposomes were prepared from 3 lipid components: dioleylphosphatidylethanolamine (DOPE), dimethylaminoethane-carbamoyl-cholesterol (DC-cholesterol), and polyethylene glycol 2000-phosphatidylethanolamine (PEG). The lipids were mixed in chloroform, dried in a rotary evaporator, and re-suspended in phosphate-buffered saline (PBS) to make empty multi-lamellar vesicles. These vesicles were sonicated 5 times for 30 seconds each at 4 C to convert them into multi-lamellar liposomes. Multi-lamellar liposomes (10 nmol) were mixed with peptides, flash frozen, and freezedried overnight. To encapsulate peptides in liposomes, the resulting powder was re-suspended with sterile distilled water and vortexed for 15 seconds every 5 minutes for 30 minutes at room temperature. PBS was added to yield a final liposome concentration of 10 mM lipid/mg peptides. Vesicles <150 nm in diameter were produced by 20-30 cycles of extrusion through polycarbonate filters using a Lipofast extruder (Avestin, Canada). Liposome formulations were stored at 4 C until use.
Cytokine profile detection of immunized HLA DR3 mice At day 42, 4-5 mice from each immunization arm were euthanized to determine the effect of immunizations on cytokine production. The frequency of epitope-specific splenocytes was determined by IL-4 ELISpot assay using methods as previously stated with the following differences. Post immunization, spleens were harvested from control immunization groups and groups of HLA DR3 tg mice immunized to SGH, NPP and LPP. Cells were enumerated and plated as previously stated. Cells were cocultured with SGH at 20 mg/mL in triplicate wells, pooled peptides, PP (20 mg/mL) and individual peptides (20 mg/mL). Cells stimulated with ConA (2 mg/ml) acted as positive controls while cells stimulated with PBS (no peptide) served as negative controls. ELISpot plates were incubated at 37 C, 5% CO 2 for 18 hours. Washing, detection and spot detection was completed as previously stated. Positive response criteria for ELISpot analysis remains as previously stated, however statistical significance is determined by Kruskal-Wallis ANOVA of Variance on Ranks with post-hoc Dunn's test in comparison with the corresponding spot forming cell data set for other groups (P < 0.05).
Additionally, cytokines were simultaneously monitored by cytokine bead array (CBA) according to manufacturer's specifications using the BD Bioscience Th1/Th2/Th17 kit and appropriate standards (BD Bioscience, 560485, 561665) for detection of IL-10, IL-17A, TNF, IFN-gamma, IL-2, IL-4 and IL-6. Briefly, splenocytes were harvested from immunized mice and transferred in triplicate to non-tissue culture, v-bottom 96 well plates for stimulation with ConA (2 mg/mL), PBS, SGH (20 mg/mL) and pooled peptides, PP (20 mg/ mL). Cells were incubated at 37 C, 5% CO 2 for 24, 48 and 72 hrs. Post incubation, plates were pelleted and supernatant was collected and stored at ¡80 C until the CBA assay was performed. Cell supernatants from individual mice within immunization arms and timepoints were combined for testing. Supernatants were monitored for cytokine production using an LSRII Flow Cytometer and analyzed using the FloJo software. Cytokine production is presented as picogram per mL values above background.
Borrelia challenge of immunized HLA DR3 Mice
Additionally on day 42, the remaining 4 mice from each immunization arm were challenged with 3 Bb-infected nymphs as previously stated. Infection status of each animal was determined 3 weeks post challenge, as previously stated to asses any levels of protection afforded by immunization. qPCR-generated Bb RecA gene copy number data were analyzed by KruskalWallis ANOVA of Variance on Ranks and the means compared by Student-Newman-Keul's test (P < 0.05) (SigmaPlot).
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